The thigh muscles of New Zealand White (NZW) rabbits are frequently used in experimental surgery, particularly for evaluation after reinnervation or ischaemia. Although histomorphometric analyses are regularly performed, morphological data for untreated thigh muscles in previously unoperated animals are not available. Specimens from the rectus femoris (RF), vastus medialis (VM) and adductor magnus (AM) muscles from both thighs were harvested in 7 untreated rabbits and were processed for histomorphometric evaluation. The right RF and VM were harvested in a further 5 rabbit hindlimbs after experimental denervation and reinnervation of the contralateral RF and subsequently processed for histomorphometric analysis. Muscle fibre type distribution, diameter and connective tissue content were evaluated on serial transverse cryosections reacted for ATPase and NADH tetrazolium reductase activity and statistical analysis was performed. In all untreated animals RF revealed the highest proportion of type I muscle fibres (right : 8n4p4 %, left : 11n4p4n9 %), whereas VM showed the highest percentage of IIa fibres (right : 31n9p5n5%, left : 28n3p7n8 %) and AM the highest proportion of IIb\d fibres (right : 80n5p8n6 %, left : 84n4p6n3%). Fibre type distribution and diameter in rabbits after contralateral experimental operations revealed a statistically significant difference from the data obtained in bilaterally untreated animals. Knowledge of the morphology of untreated muscles is fundamental to the understanding of changes induced by intervention to the ipsi and\or contralateral thigh muscles.

The thigh muscles of New Zealand White (NZW) rabbits are frequently used in experimental surgery, particularly for evaluation after reinnervation or ischaemia. Although histomorphometric analyses are regularly performed, morphological data for untreated thigh muscles in previously unoperated animals are not available. Specimens from the rectus femoris (RF), vastus medialis (VM) and adductor magnus (AM) muscles from both thighs were harvested in 7 untreated rabbits and were processed for histomorphometric evaluation. The right RF and VM were harvested in a further 5 rabbit hindlimbs after experimental denervation and reinnervation of the contralateral RF and subsequently processed for histomorphometric analysis. Muscle fibre type distribution, diameter and connective tissue content were evaluated on serial transverse cryosections reacted for ATPase and NADH tetrazolium reductase activity and statistical analysis was performed. In all untreated animals RF revealed the highest proportion of type I muscle fibres (right : 8n4p4 %, left : 11n4p4n9 %), whereas VM showed the highest percentage of IIa fibres (right : 31n9p5n5%, left : 28n3p7n8 %) and AM the highest proportion of IIb\d fibres (right : 80n5p8n6 %, left : 84n4p6n3%). Fibre type distribution and diameter in rabbits after contralateral experimental operations revealed a statistically significant difference from the data obtained in bilaterally untreated animals. Knowledge of the morphology of untreated muscles is fundamental to the understanding of changes induced by intervention to the ipsi and\or contralateral thigh muscles.
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
New Zealand White (NZW) rabbits have been established as standard laboratory animal models in studies of nerve grafting techniques (Koller et al. 1997) , free functional muscle transplantation (Frey et al. 1997 (Frey et al. , 1998 and muscle ischaemia\reperfusion syndromes (Huk et al. 1997) . Histomorphometry of the investigated muscles is a common way to analyse signs of denervation and reinnervation, loss of muscle strength and the extent of intracellular or interstitial oedema. The analysis has often focused on fibre type distribution, the diameter of the muscle fibres and the peri and endomysial connective tissue of the investigated muscles. These studies clearly demonstrate changes in the morphology of the muscles following Correspondence to Dr Matthias Rab, Division of Plastic and Reconstructive Surgery, Department of Surgery, Allgemeines Krankhaus, Waehringer Guertel 18-20, A-1090 Vienna, Austria. Tel. : j431 40400 6986 ; fax : j431 40400 6937 ; e-mail : matthias.rab!univie.ac.at the intervention. The corresponding muscles of the contralateral limb have often served as a control side for comparison with the operated muscles but details of the exact biopsy site, the measured muscle area and the total number of muscle fibres analysed are not commonly given in the literature.
Histomorphometric analyses of healthy untreated or unoperated muscles of the NZW rabbit have rarely been presented. Lexell et al. (1994) published morphological data for untreated tibialis anterior and extensor digitorum longus muscles. In addition to the proportions of type I and II muscle fibres, the symmetry between the left and right sides as well as individual differences were described in detail. Fuentes et al. (1998) investigated the composition and regionalisation of fibre types in the biceps and triceps 1 2 3
Figs 1-3. For legend see opposite.
brachii muscle of 2 species. These authors described less marked differences in the regional distribution of slow and fast twitch fibres between the deep and superficial muscle regions of the NZW rabbit than in the same muscles in the Sprague-Dawley rat. Frey et al. (1997) introduced the scutuloauricularis muscle of the NZW rabbit for experimental microsurgical investigations. Detailed information of the normal proportions and sizes of the 2 main fibre types of this muscle was given. Knowledge of the morphology of untreated muscles as a basic requirement for understanding the processes occurring during stimulation-induced fibre type transformation or reinnervation and functional recovery of operated muscles was emphasised in these studies.
The aim of the present study was the establishment of a standard control model using unoperated rectus femoris, vastus medialis and adductor magnus muscles of the NZW rabbit. The first part focuses on the histomorphology of untreated skeletal muscles harvested from both the thighs in animals which had not previously been used in other experimental protocols. In part 2 of this study we analyse the corresponding right RF and VM in rabbits which had undergone a 2-stage nerve grafting experiment with temporary denervation of RF and VM in the contralateral left hindlimb. The data obtained during both steps were subjected to statistical analysis, where the extent to which the 3 untreated muscles and then the untreated and treated muscles differ was investigated.
  
Twelve adult female New Zealand White rabbits (Oryctolagus cuniculus) weighing 2n5-3n2 kg and originating from a single breed (Charles River, Sulzfeld, Germany) were used for this study. The experiments were performed following the Austrian national guidelines for care and use of laboratory animals. In group 1 the rectus femoris (RF), vastus medialis (VM) and adductor magnus muscles (AM) of the right and left thighs of 7 rabbits were excised immediately after killing by a lethal intravenous injection of 15 ml potassium chloride (see Fig. 1 ). In group 2 an experimental 2-stage nerve grafting procedure was carried out on the left hindlimb in 5 other rabbits. First the motor nerve to VM was cut. A coaptation of a 7 cm nerve graft to the proximal stump of the cut . Cross-section of right RF after experimental surgery to the contralateral limb stained histochemically for NADH tetrazolium reductase activity. 1, type I ; 2, type IIa and 3, type IIb\d muscle fibres. Bar, 250 µm motor branch to VM followed. After an average period of 8 mo the second stage of the nerve grafting procedure was performed, coapting the distal end of the nerve graft with the ipsilateral cut motor branch to RF. The nerve fibres originating from the motor branch of VM were used to reinnervate RF via a 7 cm nerve graft. After a further 7 mo functional muscle force measurements, removal of the nerves and muscle biopsies of the ipsilateral as well as contralateral hindlimbs for morphological examinations were carried out (Koller et al. 1997) . Thus, in this second group of rabbits, the muscles contralateral to the investigated ones had been denervated either permanently (VM) or for some months (RF).
Histochemical processing
Each of the 3 muscles was cut into transverse slices in the midbelly of the muscle and then divided longitudinally into 2 equal halves with a razor blade. The 2 half transverse slices were put on cork discs and were immediately snap-frozen at V80 mC in isopentane cooled by dry ice and stored at V80 mC until use. Serial transverse cryosections (10 µm) from each entire half slice were stained by the following histochemical methods : actomyosin ATPase after alkaline (pH 10n2) and acid (pH 4n3) preincubation according to Guth & Samaha (1970) and NADH tetrazolium reductase according to Dubowitz & Pearse (1961) . For muscle fibre counting all reacted sections were examined by light microscopy (Axiomat, Zeiss, Oberkochen, Germany) at a i100 magnification and the resulting random fields were displayed on the monitor of a personal computer by means of a video camera attached to the microscope. The histomorphometric measurements and counts were performed with a pen linked to the personal computer using a semiautomatic image analysis system (LUCIA M, Nikon Laboratory Imaging, Prague, Czech Republic). To minimise the occurrence of operator-dependent errors the cross sections were analysed by 3 experienced investigators. More than 300 muscle fibres in 3 random fields were counted in each section. After comparison of the serial sections stained for actomyosin ATPase with alkaline (pH 10n2) and acid (pH 4n3) preincubation and NADH tetrazolium reductase, the muscle fibres were classified into types I and II. Differentiation into type IIa fast twitch oxidative fibres, and type IIb\d fast twitch glycolytic fibres, was performed on sections stained for NADH tetrazolium reductase enzyme activity (Dahl & Roald, 1991) . The following morphometric parameters were thus determined for the RF, the VM and the AM : (1) percentage of types I, IIa and IIb\d muscle fibres in the sample ; (2) percentage of the area occupied by types I, IIa and IIb\d muscle fibres in the sample ; (3) equivalent diameters of types I, IIa and IIb\d muscle fibres in µm ; (4) fibre circularity index (circularity index l 4π i area\perimeter i perimeter ; a circularity index of 1 indicates a true circle ; all other shapes are characterised by an index of less than 1) ; and (5) percentages of the section area occupied by peri and endomysial connective tissue
Statistical analysis
Comparison of the morphological data obtained in the untreated RF, VM and AM was carried out using the matched pair t test. This test was also used for comparison of the results obtained from the right and left thighs. In order to compare the results from the right and left untreated RF and VM with those obtained from the right RF and VM of the operated rabbits an analysis of variance (F-test) together with the Tukey test was performed. Data of each histomorphometric parameter listed above are expressed as means and standard deviations. For the statistical analysis the SAS software package (SAS Institute, USA) was used throughout. A probability of error of 0n05 was set as the level of significance.


Gross findings
In each of the 12 rabbits relevant histomorphometric data were obtained from all harvested muscle biopsies. Each of the examined cross-sections stained histochemically showed the typical checkerboard pattern of muscle fibre types. We found no evidence of fibre type grouping or marked regionalisation of distinct fibre types in the entire investigated muscle area of RF, VM and AM (see Figs 2, 3 ).
Histomorphometric analysis in bilaterally untreated muscles (group 1)
The histomorphometric data of RF, VM and AM are shown in Table 1 . The left and right RF, VM and AM muscles were pooled for comparison as no statistically significant difference was found between the histomorphological parameters of the left and right investigated muscles. Proportional muscle fibre distribution (Table 1) . The RF showed a higher proportion of slow twitch oxidative type I fibres than either VM (P l 0n0002) or AM (P l 0n000 003). The highest proportion of fast twitch oxidative type IIa fibres was found in VM compared both with RF (P l 0n0002) and AM (P l 0n0004). Fast twitch glycolytic type IIb\d fibres were present at the highest percentage in AM, differing significantly from the proportions in the RF (P l 0n0003) and VM (P l 0n0003).
Proportion of area occupied by muscle fibre types (Table 1 ). In addition, the area occupied by the type I fibres was also found to be relatively greater in the RF, differing significantly from the relative areas obtained for VM (P l 0n0004) and AM (P l 0n0006).
The highest proportion of area occupied by type IIa fibres was found in VM. This was significantly different from the proportions obtained in RF (P l 0n000 001) and AM (P l 0n0002). Although the highest proportion in the area occupied by type IIb\d was found in AM, no statistically significant difference from RF and VM could be demonstrated.
Muscle fibre size (Table 1 ). The largest diameter was found for the type IIb\d muscle fibres. Their diameter in VM was significantly larger than in AM (P l 0n008) or RF (P l 0n005). The smallest fibre size was found for the type IIa fibres. Their diameter in VM (P l 0n01) and in AM (P l 0n007) was significantly larger than in the RF. The largest diameter of the type I muscle fibres was found in AM and differed significantly from the type I diameters in RF (P l 0n0002) and VM (P l 0n001).
Index of circularity (Table 1 ). The fibre circularity index for the 3 fibre types showed no statistically significant difference between the 3 investigated muscles.
Connective tissue content. The highest Area Fraction was obtained in AM (mean : 12n5p1n6) and showed significant differences from those in VM (mean : 12n2p1n2; P l 0n03) and RF (mean : 12n0p1n4; P l 0n04).
Histomorphometric analysis of the contralateral 'control' muscles of the operated rabbits (group 2) and comparison with group 1
The histomorphometric data for the contralateral RF and VM are given in Table 2 . Muscle fibre type distribution and the proportional area occupied by types I, IIa and IIb\d fibres of the contralateral right RF in group 2 were significantly different from the corresponding values obtained in group 1 (fibre type distribution : type I : P l 0n04 ; type IIa : P l 0n0001 ; type IIb\d: P l 0n000 000 1 ; proportional area occupied by type I : P l 0n04 ; type IIa : P l 0n000 000 04 ; type IIb\d: P l 0n000 002). In contrast, no significant differences were shown comparing the data for VM in groups 1 and 2 although a decrease in types I and IIa fibres as well as an increase in type IIb\d fibres were noted in group 2.
Analysis of type IIa (P l 0n004) and IIb\d (P l 0n004) muscle fibre sizes in RF revealed statistically significant differences between groups 1 and 2. Although type I muscle fibre size in VM of group 2 decreased, no statistically significant difference between groups 1 and 2 could be detected. This might be due to the large degree of variability in type I muscle fibre size obtained in group 2. There were no significant differences in Area Fraction (RF : mean : 11p1n5 ; VM : mean : 12p1n2) and fibre circularity indices.

In the first part of this study only healthy animals which had undergone no prior experimental protocol were included. Basic histomorphological analyses of 3 untreated skeletal muscles of the thigh of the NZWrabbit were carried out. Body weight of the animals at the time of muscle harvesting was in accord with standard values for NZW rabbits published by Hickey et al. (1992) and Lexell et al. (1994) . Standardised histochemical processing was performed according to Nygaard & Sanches (1982) after exact definition and description of the donor side and, for morphological assessment, the overall number of muscle fibres counted was stated. The results clearly demonstrate that fast twitch glycolytic type IIb\d fibres are in the majority within these 3 muscles (see Fig. 2 ). The high proportion of fast twitch glycolytic muscle fibres within the muscles of the rabbit thigh correlates with the species-specific fast acting 'hop locomotion'. AM was found to show the highest proportion of this fibre type, which differed statistically from the proportions obtained in RF and VM (see Table 1 ). These findings are in accordance with the results of Ha$ ma$ la$ inen & Pette (1993) dealing with histochemical profiles of fast fibre types in skeletal muscles of the NZW rabbit and with the results of Neumayer et al. (1995) describing morphological data for the AM in the NZW rabbit.
Within these 3 thigh muscles the largest population of the slow twitch oxidative type I fibres was found in the RF, whereas the smallest population was found in the AM. These findings have practical implications for further research. Although RF is not a typical 'slow' muscle, its higher proportion of slow twitch oxidative fibres means that it can easily be differentiated from other thigh muscles such as VM and AM when used experimentally. The proportional areas occupied by types I, IIa and IIb\d fibres corresponded with the proportion of the counted muscle fibres. Furthermore, statistically significant differences were found in the area proportions of each analysed muscle fibre type comparing RF with VM. Although the highest area proportion occupied by type IIb\d fibres was seen in AM, no statistically significant difference from RF and VM was found. Regarding the entire measured muscle area per cross section, neither fibre type grouping nor a marked regionalisation of fibre types could be detected in RF, VM and AM, which coincides with the results of Fuentes et al. (1998) (see Fig. 2 ).
Concerning the size of the muscle fibre types our results are comparable to the morphological data of Ha$ ma$ la$ inen & Pette (1993) and Fuentes et al. (1998) . Statistically significant differences in the size of the muscle fibre types were found within RF, VM and AM : the largest diameter for the type I fibres was observed in AM and differed significantly from the type I diameter obtained in RF and VM.
The muscle fibre circularity index-a helpful parameter to verify intracellular muscle oedema histomorphometrically-has rarely been presented in the literature. Neumayer et al. (1995) first mentioned this index for the demonstration of changes in the shape of skeletal muscle fibres after the development of intracellular oedema. Their published data for the untreated AM before the development of intracellular oedema coincide with the indices for AM measured in this study and also correspond with the indices obtained for RF and VM in this investigation (see Table 1 ).
To verify changes in the architecture and morphology of muscle fibres, histomorphometric analysis has been established in addition to measurements of tetanic force (Frey et al. 1997 ; Koller et al. 1997) . Morphometric differences in the data obtained are then interpreted as changes in fibre type distribution, in fibre diameter and in the content of the peri and endomysial connective tissue. On the other hand, when comparing data of untreated muscles with contralateral muscles serving as controls in long term experimental protocols, morphological differences in the proportions and diameters of muscle fibre types are obvious (Srihari et al. 1981 ; Reichmann et al. 1993 ; Frey et al. 1997 Frey et al. , 1998 . Thus distinct experimental procedures on the treated side, e.g. paralysis and immobilisation of the operated limb with subsequent stress to the unoperated limb, influence histomorphological data of the contralateral 'control' side. These compensatory mechanisms are well known and accepted in view of interindividual variations in the proportions and diameters of muscle fibre types (Lexell et al. 1994 ). In addition, expanding experimental settings by including an additional untreated reference group would increase laboratory requirements as well as animal numbers, thereby creating additional costs.
Ipsi and contralateral muscle fibre transformations in the soleus muscle after cross-reinnervation in the NZW rabbit has been observed by Reichmann (1993) and Srihari (1981) . Coaptation of the peroneal nerve with the cut motor branch to the soleus muscle led to a slow into fast fibre type transformation of the ipsilateral as well as the contralateral 'control' soleus muscle after a period of 6 mo. In their publications they emphasised that corresponding contralateral muscles must be regarded as unsuitable controls in long term cross-reinnervation studies and finally suggested the existence of a basic bilateral symmetry in the neuromuscular system. These findings encouraged us to compare morphological data of bilaterally untreated RF and VM with contralateral control RF and VM of rabbits which had undergone a nerve grafting procedure with subsequent reinnervation of the ipsilateral hindlimb. In the contralateral RF of group 2 the proportion of the oxidative muscle fibres, i.e. the type I and IIa fibres, increased significantly whereas the proportion of the glycolytic type IIb\d fibres decreased significantly compared with the fibre type proportion in RF in bilaterally untreated animals (see Figs 2, 3, Tables 1, 2) . In contrast to the slow to fast fibre transformation described in the contralateral soleus muscle (Reichmann et al. 1983) we observed a sequential shift to muscle fibres with more oxidative metabolism in the contralateral RF. On the other hand the size of the fast twitch type IIa and IIb\d fibres increased significantly in comparison with the diameters of RF in bilaterally untreated animals (see Figs 2, 3, Tables  1, 2 ). Comparing the contralateral control VM with the VM in bilaterally untreated rabbits, statistical differences either in the size or in the type distribution of fibres could not be demonstrated histomorphometrically, although the corresponding VM on the operated side had been completely denervated. A possible explanation for this phenomenon might be the neuromuscular integrity of motor nerve fibres of VM and their intact connection to target muscles. On the side of the intervention RF represented this kind of target muscle. After denervation of RF, subsequent reinnervation with motor nerve fibres of VM via a nerve graft was made possible. On the contralateral side VM represented the original target muscle without any intervention. Neuromuscular integrity of RF motor nerve fibres was interrupted when the RF of the experimental side was denervated at the time of nerve grafting. In the follow-up of this 2-stage nerve grafting procedure no further neuromuscular connection to the cut proximal motor branch of RM was done.
In summary, the hypertrophy of the contralateral RF together with its shift in muscle fibre types supports the existence of compensatory mechanisms in the neuromotor system. Reichmann et al. (1983) suggested that due to the altered pattern of locomotion of the operated leg caused by denervation, immobilisation and reinnervation, a change occurs in the afferent activity which elicits alterations in the efferent activity on the contralateral side. In view of these findings corresponding contralateral muscles of NZW rabbits can only be considered as relative controls in long term experiments. Therefore, the morphological results presented for RF, VM and AM in bilaterally untreated animals can serve as an adequate data base for the properties of these 3 muscles in order to detect effects of experimental intervention. Furthermore, this data base offers the opportunity to choose one of these muscles depending on its muscle fibre distribution or other morphological parameters for a specific experimental protocol. The increasing number of current publications focusing on changes in the morphology of skeletal muscles in the NZW rabbit is a strong argument for providing further detailed histomorphological data of previously untreated muscle tissue.
